In a previous investigation, epicardial recordings with 1,124 closely spaced electrodes revealed 20-35 breakthrough (BKT) sites and an equal number of separate wave fronts on the ventricular surface of exposed dog hearts during normal sinus rhythm. In the present study we tried 1) to determine whether ventricular pacing also produced multiple BKTs and wave fronts and 2) to determine whether the number and location of BKTs were, to some degree, independent of pacing site. The study mainly focused on right ventricular BKTs observed during right ventricular pacing. To test hypotheses 1 and 2 we identified many breakthrough sites during sinus rhythm in seven exposed dog hearts and then paced the heart from several BKT and non-BKT sites on the right ventricle. Epicardial potential maps and excitation time maps were obtained by using 1,124 epicardial electrodes covering the anterior right ventricle and part of the anterior left ventricle. A primary wave front spread radially for several centimeters from the pacing site, and no BKTs appeared in the areas covered by the primary wave front. In the remaining areas (secondary areas), multiple BKTs appeared; their number was close to that observed during sinus rhythm in the same areas (113 versus 115, respectively, in 12 paced beats). The majority of paced BKTs (83 out of 115, or 72%) occurred exactly at the same locations where they appeared during sinus rhythm. However, 30 right ventricular BKTs observed during sinus rhythm disappeared in the secondary areas and were replaced by approximately the same number of new BKTs. Many areas without BKTs in normal beats remained so in paced beats. We conclude that during right ventricular pacing, epicardial excitation on the right ventricle exhibits multiple BKTs whose location is partially independent of pacing site and probably reflects structural properties of the ventricular wall. (Circulation Research 1992;71:840-849) KEY WoRDs * ectopic ventricular beats * epicardial potential mapping * breakthrough sites epicardial isochrons
Epicardial Excitation During Ventricular Pacing
Relative Independence of Breakthrough Sites From Excitation Sequence in Canine Right Ventricle Giorgio Arisi, Emilio Macchi, Cinzia Corradi, Robert L. Lux, and Bruno Taccardi In a previous investigation, epicardial recordings with 1,124 closely spaced electrodes revealed 20-35 breakthrough (BKT) sites and an equal number of separate wave fronts on the ventricular surface of exposed dog hearts during normal sinus rhythm. In the present study we tried 1) to determine whether ventricular pacing also produced multiple BKTs and wave fronts and 2) to determine whether the number and location of BKTs were, to some degree, independent of pacing site. The study mainly focused on right ventricular BKTs observed during right ventricular pacing. To test hypotheses 1 and 2 we identified many breakthrough sites during sinus rhythm in seven exposed dog hearts and then paced the heart from several BKT and non-BKT sites on the right ventricle. Epicardial potential maps and excitation time maps were obtained by using 1,124 epicardial electrodes covering the anterior right ventricle and part of the anterior left ventricle. A primary wave front spread radially for several centimeters from the pacing site, and no BKTs appeared in the areas covered by the primary wave front. In the remaining areas (secondary areas), multiple BKTs appeared; their number was close to that observed during sinus rhythm in the same areas (113 versus 115, respectively, in 12 paced beats). The majority of paced BKTs (83 out of 115, or 72%) occurred exactly at the same locations where they appeared during sinus rhythm. However, 30 right ventricular BKTs observed during sinus rhythm disappeared in the secondary areas and were replaced by approximately the same number of new BKTs. Many areas without BKTs in normal beats remained so in paced beats. We conclude that during right ventricular pacing, epicardial excitation on the right ventricle exhibits multiple BKTs whose location is partially independent of pacing site and probably reflects structural properties of the ventricular wall. (Circulation Research 1992;71:840-849) KEY WoRDs * ectopic ventricular beats * epicardial potential mapping * breakthrough sites epicardial isochrons
In a previous study we described the spread of excitation and the associated potential fields on the right and left ventricular surfaces of exposed dog hearts during normal sinus rhythm (SR).1 Epicardial maps recorded from 1,124 epicardial electrodes placed 2 mm from one another revealed as many as 20-35 distinct breakthrough (BKT) sites that were activated earlier than any surrounding location. Epicardial excitation was caused by 20-35 separate wave fronts that started from the BKT sites and propagated in all directions until they merged with wave fronts coming from other BKTs or reached anatomic boundaries. This mosaic-like pattern of activation differed from previous descriptions, which mentioned only two or three broad wave fronts spreading over the entire ventricular surface. [2] [3] [4] We attributed the greater complexity of the activation sequence revealed by our recordings to the spatial resolution of the measurements (2 mm), which was much higher than that used in previous investigations (10-20 mm) . Our 1983 study was limited to normal excitation and did not provide any information about ectopic beats.1 Studying excitation in ectopic beats is relevant to both basic and clinical electrophysiology because it can improve our understanding of the mechanisms of propagation in ventricular arrhythmias. Currently available descriptions of epicardial activation during ventricular pacing show at most one BKT, and the entire ventricular surface seems to be activated by a single wave front starting from the pacing site. [5] [6] [7] In the present investigation, we recorded epicardial potential maps with an array of 1,124 epicardial electrodes to determine 1) whether epicardial activation during ventricular pacing showed multiple BKTs as observed during SR, and 2) if this were the case, whether the number and location of BKTs were to some degree independent of pacing site and excitation sequence and were therefore an expression of structural properties of the ventricular wall. A third aim of the study was to use the high spatial resolution of our measurements to describe epicardial potential distributions during ventricular ectopic beats in greater detail than previously reported in the literature.
Our experiments consisted of pacing the right or, in one case, the left ventricular epicardium of exposed dog hearts from some of the BKT sites observed in the same dog during SR as well as from some non-BKT sites. The rationale for pacing from a BKT site was as follows: during SR, excitation coming from the Purkinje network reaches epicardial BKT sites earlier than any surrounding site. We reasoned that a wave front starting from a BKT site would probably reach the underlying Purkinje network faster than a wave front starting from a non-BKT site. Excitation might therefore reach a larger portion of the ventricular walls through Purkinje propagation than would an excitation wave front starting from a non-BKT site.
Quantitative analysis of the results was limited to right ventricular BKTs because the location and timing of most BKTs were sharply defined on the right ventricle, whereas on the left ventricle extensive areas (.1-3 cm2) were reached by excitation almost simultaneously ( Figure 1A , shaded areas). Detecting and locating BKT sites accurately in those areas was difficult with the time and space resolution available to us.
Materials and Methods

Dog Preparation
The preparation was similar to that described in detail in our previous article.1 Seven mongrel dogs, labeled "dog A" through "dog G," were anesthetized with sodium pentobarbital (30 mg/kg i.v.). Additional amounts of anesthetic were administered during the experiment as needed. Under artificial respiration, the heart was exposed through a midsternal thoracotomy and suspended in a pericardial cradle. The internal temperature of the dogs was monitored with a rectal thermometer and kept constant at 38+0.5°C by means of an electrical heating pad. Heat loss from the sternal opening was prevented by covering the sternal wound with a cotton pad.
Electrode Array and Data Acquisition
A piece of thin, extensible nylon stocking with 1,124 electrodes spaced 2 mm apart along 39 rows and 36 columns of variable length was placed on the anterior ventricular surface of the exposed heart. The position of all the electrodes in the array was described in Figure 2 of our previous article.' The electrodes covered most of the anterior right ventricle and a variable portion of the left anterior ventricular surface ( Figure 2 , this article). Data recorded from the left ventricle were not included in our analysis because the area explored was a small portion of total left ventricular surface, and also because the exact position of some BKT sites was difficult to establish on the left ventricle, as explained earlier. The electrodes were made using thin silver wires (Metalli Preziosi, Milan, Italy) 0.05 mm (2 mil) in diameter, fully insulated except for the last 2-3 mm. Under the dissecting microscope the exposed end of each wire was secured to the stocking with a tiny knot, :0.15 mm in diameter. Excess uninsulated wire was removed. When moistened with saline the sock adhered firmly to the epicardium without sutures, and all electrodes established a stable contact in most experiments. Contact stability resulted from the fact that the extensible nylon cloth followed the motion of the ventricular surface during the heart beat. Using extremely thin silver wires also improved contact stability. of electrode array on epicardium of dogs A-G. In dogs B, D, F, and G the sock covered the entire exposed anterior surface of the heart. In dogs A, C, and E the sock covered only part of the anterior ventricular surface. The uncovered portion is shown by a dashed line on the lower part of the drawings. Black dots, position of all breakthroughs observed during sinus rhythm on the right ventricle, distributed in two to five clusters. Clusters are contoured by dashed lines. Open squares, new breakthroughs elicited by ventricular pacing; arrows pointing toward black dots, pacing sites coinciding with breakthrough sites; arrows pointing toward open triangles (dogs C, D, F, and G), nonbreakthrough pacing sites.
Potential differences between groups of 100 sock electrodes and a common reference electrode placed on the left hind leg were simultaneously recorded using a multichannel instrument that performed on-line amplification, multiplexing, and analog-to-digital conversion of the signals at a sampling rate of 1,000 Hz per channel. The choice of the sampling rate and the space resolution are addressed in "Discussion." The digital data were conveyed to a PDP 11/40 minicomputer and stored on disk. The procedure was repeated until all signals from 1,124 electrodes had been recorded. Twenty reference electrograms were also recorded, together with every group of 100 electrograms, to permit time alignment of the successive groups of signals and to detect any variation of the electrical activity during the experiment.
Quality Control
Sets of 120 electrographic waveforms were continuously monitored on the screen of a Hewlett-Packard oscilloscope during the recording sessions, which lasted 20-30 minutes for every pacing site. The quality and baseline stability of the monitored electrograms was excellent in most cases. This was confirmed by visual inspection of the electrograms that were printed after the experiment, as shown in Figure 3 (this article) and in Figure 2 of our previous report,' in which a full set of 1,124 waveforms was presented. In rare cases, poor contact occurred in limited areas because of air bubbles under the cloth or imperfect adherence. This was easily detected because of motion artifacts and baseline instability in the monitored electrograms. Good quality, interpretable potential maps could not be obtained from those areas. When any of these problems occurred, the data were discarded. For every pacing site, at least one set of 120 electrograms was recorded twice, at the beginning and at the end of a recording sequence, to test the reproducibility of the results. In the rare cases of poor reproducibility, the data were discarded.
Experimental Procedure
The experimental protocol included two steps. During the first step, we recorded 1,124 electrograms during SR and immediately displayed a sequence of potential maps on-line using a line printer. We were thus able to localize the BKT sites on the maps and to identify those electrodes under which the various BKTs had occurred. The position of the BKTs in the seven hearts is indicated in Figure 2 . During the second step, the heart was paced unipolarly from one electrode of the array or bipolarly from two adjacent electrodes that had been previously disconnected from the amplifiers. A total of 13 sites were paced in seven dogs. Of these, nine were BKT sites, three were non-BKT sites on the right ventricle, and one was a non-BKT site near the apex of the left ventricle (Figure 2 , arrows). The stimuli were unipolar cathodal or bipolar pulses, the amplitude was just above threshold, and the duration was 2 msec. The return (indifferent) electrode for unipolar pacing was located subcutaneously on the thorax. The pacing rate was just above the spontaneous sinus rate and varied between 150 and 180 beats per minute. Atrial captures were prevented by pacing the right atrium through a bipolar hook. Atrial stimuli of twice threshold amplitude were delivered 60 msec after the ventricular stimulus.
For every pacing site, we recorded a complete set of 1,124 electrograms. After the experiment, instantaneous potential maps at 1-msec intervals were computed for the QRS interval and displayed for normal and paced beats. Equipotential lines were drawn manually or automatically using linear interpolation. Isochron maps were drawn manually by superimposing in the same figure the outlines of the wave fronts as derived from potential maps every 2 to 10 msec. In potential maps the outline of the epicardial wave front was revealed by a thin band of densely packed equipotential lines that separated resting from excited regions ( Figure 4 ). Isochron lines obtained from potential maps were similar to those obtained by using the minimum time derivative of the unipolar electrograms to compute local excitation times.
Results
Epicardial Breakthroughs
The electrical patterns associated with the appearance of an epicardial BKT were similar in normal and paced beats. BKT sites were recognizable in isochron maps as points (or areas) where excitation arrived earlier than at any surrounding location. In many cases, several adjacent BKTs were as close as 5-6 mm to one another, both in normal and paced beats, and occurred within a few milliseconds of one another. In those areas, isochron lines had to be traced at 1-2-msec intervals to reveal all the BKTs. Resulting isochron maps were crowded and difficult to read ( Figure 1 ). Potential maps, displaying the epicardial potential distributions at successive time instants during ventricular excitation, provided a more vivid, detailed, movielike description of the sequence of events that preceded, accompanied, and followed the appearance of BKTs. These events were similar in normal and paced beats. A typical example is shown in Figure 4 , which relates to a normal beat and was obtained with a smaller, rectangular sock, in which the electrode spacing was also 2 mm. The lower border of the sock was parallel to the anterior descending coronary artery and the upper border was close to the atrioventricular border. At 16 msec after QRS onset (panel A), a wave front spread upward and to the right, as revealed by the thick band of densely packed equipotential lines that separate the positive from the negative areas. Near the top left corner of panel A, at a distance of 20-22 mm from the wave front, one electrode site that was positive 1 msec earlier became slightly negative, as indicated by the single minus sign. One millisecond later (panel B), six electrodes became negative in the neighboring area, reaching a value of -3.1 mV. The negative area expanded progressively and gave rise to a fully developed wave front. This was revealed by an array of densely packed equipotential lines (panel D) that encompassed a spatial potential jump of -55 mV. Along the wave front, the spatial potential gradients were close to 13 mV/mm. The new wave front propagated in all directions with a velocity of =2 m/sec (panels D-F). Meanwhile, the main wave front moved upward and to the right. The two wave fronts merged 2 msec after the activity depicted in panel F (not shown). Examples of multiple BKTs are shown in Figures 5A and 6A.
Epicardial Excitation During SR
The spread of excitation on the anterior surface of both ventricles during SR was described in detail in a previous article.' Briefly, the earliest BKT occurred in the right paraseptal area at 10.71±2.21 msec (mean±SD) after QRS onset (range, 7 to 13 msec, n=7). The other [9] [10] [11] [12] [13] [14] [15] [16] BKTs that appeared later on the anterior right ventricle were distributed in two to five narrow, elongated clusters, so that large areas on the right ventricle remained free of BKTs (Figure 2 ). One cluster, located in the paraseptal region, was present in all dogs. Other clusters were located near the right margin of the right ventricle (Figure 2 , dogs A, C, and G), near the right atrioventricular border (dogs A, B, C, D, and F), on the right ventricular outflow tract (single sites or clusters, dogs A-F) and, less frequently, midway between the paraseptal cluster and the atrioventricular border (dogs B and E). The BKTs near the atrioventricular border and outflow tract occurred relatively late in QRS, up to 33 msec after QRS onset, and were called late BKTs.
The average number of BKTs observed on the right ventricle in our seven dogs was 13.86+3.08, and the range was 10 to 17. The wave fronts originating from the multiple BKTs in a given cluster merged and formed a broad wave front that expanded until it merged with . Panels A-F: Six instantaneous potential maps on epicardial area 40x48 mm show sequence of events that preceded, accompanied, and followed appearance of a breakthrough on upper left corner ofpanel A and the spread of the related epicardial wave front. Time interval between panels is 1 msec. Numbers near upper border of each frame indicate frame sequential number, scaling factor, and potential minimum and maximum in millivolts. Scaling factor "310" indicates that interval between positive adjacent isochron lines is equal to one tenth of the potential difference between 0 mV and the potential maximum in that frame. Similarly, interval between adjacent negative lines is equal to one tenth of the potential difference between 0 mVand the potential minimum. The zero line was not drawn. Further explanation in text.
other wave fronts coming from other clusters or reached an anatomic boundary. This behavior is illustrated in Figure 1A and Figure 5 .
Epicardial Excitation During Paced Beats: Common Features
Primary wave front and primary area. Pacing from a ventricular epicardial (BKT or non-BKT) site elicited an irregularly elliptical wave front (primary wave front) that expanded for several centimeters in all directions ( Figure 1B) . Whereas the primary wave front propagated from the pacing site, excitation coming from the depth reached the ventricular surface at one or more BKT points in the areas not yet reached by the primary wave front. This event is best illustrated by potential maps. In these maps, shading indicates a potential of 0 mV or less. A typical example is presented in Figure 6A , which depicts the instantaneous potential distribution on the epicardium of dog D 46 msec after pacing from the right outflow tract (square pulse in circle). At 46 msec the wave front had advanced "=23 mm downward and to the right in the direction indicated by the long black arrow and z-14 mm in a direction perpendicular to the arrow. The wave front was outlined by a narrow band of densely packed equipotential lines separating a negative, excited area (shaded) with potential values around -20 mV from the resting, positive areas. In the region not yet reached by the primary wave front, three BKTs are indicated by the two small shaded regions at -20 and -10 mV and by the third small shaded area surrounded by the 5 mV equipotential line (wide black arrow). It is noteworthy that the BKT closest to the advancing main wave front was fully developed at 46 msec (-20 mV), the next closest one was incompletely developed (-10 mV), and the most distant one was still at an embryonic stage ("'~0 mV in leftmost shaded area).
The earliest BKT was only a few millimeters away from the rim of the advancing primary wave front, but the latest one was 24 mm away from the main wave front (leftmost embryonic BKT, Figure 6A ). The wave fronts spreading from the three BKTs propagated in all directions, including the direction pointing toward the pacing site, until they merged with the advancing primary wave front. The resulting broad wave front continued propagating over the right ventricle. Meanwhile, new wave fronts kept appearing ahead of the main wave front (three BKTs near the right margin of the right ventricle at -10, -20, and 20 mV, Figure 6B ) and were finally incorporated into a large expanding area of excited tissue. This mosaic-like process was similar to that observed in normal excitation. The corresponding isochron pattern is shown in Figure 1B . We defined the area covered by the primary wave front, or primary area, as the region through which the wave front propagated continuously from the pacing site until it collided or merged with other wave fronts coming from BKT sites or reached an anatomic boundary. "Propagated continuously" must be understood as "continuously within the time and space resolution of our measurements" (see "Discussion"). A particularly clear example of the boundary between primary and secondary areas is illustrated in Figure 7 . Here, the primary wave front spread from the pacing site located near the atrioventricular border until it merged with wave fronts coming from five BKTs emerging at 47, 49, 49, 50, and 54 msec. The borders between primary and secondary areas are outlined in Figure 8 for three pacing sites in dog D.
In the areas covered by the primary wave front the BKTs previously observed during SR did not occur (Figures 1B, 7, and 8 ). The average number of right ventricular SR BKTs that were thus suppressed by the primary wave front was 4.83+±2.48 but varied significantly for different pacing sites, depending on the The secondary area: Number and location of BKTs in paced beats. The total number of BKTs that occurred in the areas not covered by the primary wave front (secondary areas) was very close to the number observed during normal beats in the same areas (115 versus 113, respectively, in 12 paced beats; see Table 1 ). Typical examples of this behavior are shown in Figure 8 , which depicts the position and time of appearance of the BKTs on the right ventricle of dog D for normal beats and for three different paced beats. In Figure 8B , the pacing site was on the right ventricular outflow tract. The total number of BKTs on the right ventricle, 11, was equal to the number of BKTs observed in the same areas during SR. Eight BKTs (73%) appeared exactly at the same sites where they occurred in SR (coinciding BKTs) and are marked with circled stars. Three SR BKTs disappeared (black dots) and were called secondary missing BKTs because their sites were in the secondary area, as opposed to the primary missing BKTs described above. Instead of the three secondary missing BKTs, three new BKTs, which were not present in the normal beat, appeared in the secondary area (uncircled stars). Figures 8C and 8D show the BKTs for two other pacing sites. A summary of the various types of BKTs in 12 paced beats is given in Table 1 .
In all paced beats, the great majority of new BKTs were located within or near the clusters of SR BKTs (Figure 2A-2G , open squares). Only a few were definitely outside the clusters, in the areas normally free of BKTs. Thus, most of the extensive right ventricular areas that were free of BKTs during normal beats remained so during paced beats (Figure 2 ).
In summary, the BKTs observed in paced beats on the right ventricle could be grouped into two categories: 1) coinciding BKTs, which appeared at the same sites during SR and during one or more paced beats. Coinciding BKTs constituted the majority of all paced BKTs (83 out of 115 or 72% in 12 paced beats; see Table 1 ). 2) New BKTs, which appeared during paced beats but were absent during SR. New BKTs accounted for 28% of the total (32 out of 115). The BKTs that disappeared in paced beats could also be grouped into two categories: 1) primary missing BKTs, which were present in normal beats but did not appear during a paced beat because the relevant (primary) area was directly activated by the primary wave front spreading from the pacing site, and 2) secondary missing BKTs. These missing sites were located in the secondary area, i.e., outside the area activated by the primary wave front ( Figure 8B -8D, black dots; Table 1 , far right column).
Time of appearance of BKTs. The average time of appearance of BKTs on the right ventricle in 12 paced beats was 44.583+7.331 msec (mean+SD; n=115). The range was 24 to 62 msec. The distances from the pacing site ranged between 18 and 62 mm. Times of appearance of BKTs tended to be longer for BKTs that appeared at greater distances from the pacing site, but correlation between the two variables was weak (R=0.376), although significance was high (p=0.0001, n=115). Correlation improved (R=0.660) when we included the right ventricular BKTs observed in the single case of left ventricular pacing. Figure 2 . The number of SR BKTs in secondary area was computed by superimposing a map of paced BKTs on a map of SR BKTs (see Figure 8 ) and then counting the SR BKTs that lay in the same area as the paced BKTs. This operation was repeated for every paced beat. Coinciding, new, missing, and primary and secondary missing refer to number of BKTs observed in paced beats.
Effect of Pacing Site on the Number and Time of Appearance of Breakthroughs on Right Ventricle
Epicardial stimuli were delivered to three categories of pacing sites: 1) sites in the paraseptal area where the earliest BKT occurred during SR (earliest BKT sites), 2) sites near the atrioventricular border and the outflow tract, where late BKTs appeared during SR (late BKT sites), and 3) non-BKT sites. Pacing sites for every heart are indicated in Figure 2 (arrows). No essential difference in excitation patterns occurred for different types of pacing sites. In all cases, we observed a primary area with no BKTs and a secondary area with coinciding, new, and missing BKTs (Figure 8 ).
Analysis of variance (STATVIEW SE+ GRAPHICS, Abacus Concepts, Inc., Berkeley, Calif.) applied to the times of appearance of BKTs for various categories of pacing sites showed that the mean time of appearance of BKTs was 15% longer for late than for earliest pacing sites (46.965+6.582, n=57 versus 40.824+7.509, n=34, significance level=99.9%). No significant difference in BKT times was observed between pace BKT and pace nonBKT experiments.
The most significant differences in the behavior of BKTs were observed when we compared pacing from a non-BKT site on the right ventricle with pacing from a BKT site. Pacing from a non-BKT site produced significantly fewer coinciding BKTs than did pacing from a BKT site (4.33±1.53, n=3 versus 7.78±1.64, n=9, p<O.Ol). Also, the number of secondary missing BKTs was higher for pace non-BKT sites (4.67±2.08, n=3 versus 1.78+ 1.30, n=9,p<0.05). This effect occurred at a distance from the pacing site.
When the pacing site was located on the left ventricle near the apex (one case), the primary wave front swept the entire anterior left ventricular surface and most of the right ventricle, propagating in an apex-to-base di-rection. At 90-95 msec after the stimulus, seven coinciding and one new BKT appeared near the right atrioventricular border and generated a descending wave front that merged with the main wave front coming from the apex. Thus, pacing from the left ventricular epicardium gave rise to an excitation pattern that was essentially similar to the one produced by right ventricular pacing, with a primary wave front and a secondary area with multiple, mostly coinciding, BKTs. However, the primary area was much larger than with right ventricular pacing.
Potential Distributions
The distribution of epicardial potentials during paced beats showed features similar to those previously observed in normal sinus beats. Excited areas were negative, with several peaks of negative potential generally located near the wave fronts. Peak values ranged from -10 to -50 mV. Most resting areas were positive, with multiple mountains and peaks of positive potentials also located in the vicinity of the expanding wave fronts. The magnitude of the peaks ranged from 5 to 68 mV. This high value was measured on the left ventricle. The intersection of a wave front with the epicardial surface was outlined by an array of densely packed equipotential lines, in which the potential gradients ranged from 3 to 36 mV/mm. Estimated potential drop across the dense array of equipotential lines varied from 13 to 72 mV. Measuring the velocity of epicardial wave front propagation was difficult in many regions, particularly on the left ventricle, where wide areas were excited almost simultaneously. Estimated velocities ranged from 0.25 m/sec to high values in excess of 2 m/sec. These high apparent velocities do not represent actual conduction velocities in heart muscle but most likely result from wave fronts reaching the epicardium from the depth and forming narrow angles with the epicardial surface.
Discussion
The main new results of this study are 1) the identification of two types of epicardial wave fronts that occur during ventricular pacing: the primary wave front, which spreads directly from the pacing site in the primary area, and the secondary wave fronts, which spread from the BKT sites in the secondary areas; 2) the description of four types of BKTs in paced beats; and 3) the demonstration of the relative independence of BKT location from excitation sequence.
Previous investigations5-7 detected only one or no BKTs in ventricular ectopic beats and did not reveal the two types of wave fronts. The reason for the difference between our results and previous observations probably resides in our using a much higher spatial resolution (2 mm versus 1-2 cm). The loss of information resulting from lowering the spatial resolution has been documented in Figure 1 of our previous article.1 The present data confirm that new information becomes available and the excitation process is seen to be more complex than usually considered when the spatial resolution of the measurements is enhanced. The time and space resolution used in our investigation was dictated by technical limitations, such as our ability to fabricate dense electrode arrays and the sampling rate of the multiplexer, which was 1 kHz per channel. There is no indication that the resolution we used was optimal; rather, there are indications to the contrary. As stated earlier, we did not extend our study to the left ventricle because extensive areas on the left ventricle were excited within 1-2 msec, and the excitation pattern in those areas could not be analyzed accurately with a 1-msec time resolution. A higher time resolution would have enabled us to extend the study to those areas.
Another new finding was the partial independence of BKT locations from excitation sequence and the fact that many areas with no BKTs in normal beats remained empty of BKTs in paced beats. These two findings suggest that structural factors play a role in determining the location of BKT sites. When planning our investigation we made the working hypothesis (to be tested) that all epicardial BKTs might result from separate wave fronts coming from the underlying Purkinje-myocardial junctions. These junctions have been shown to be discrete and unevenly distributed in the canine subendocardium.8-12 If our initial hypothesis had been totally correct, once excitation starting from the pacing site had reached the Purkinje system the same BKT patterns previously observed during SR would have been generated, although with a different time sequence (except in the primary area, which was activated through myocardial conduction). In fact, the majority (72%) of the paced BKTs did coincide with the SR BKTs, but 28% did not and, moreover, many SR BKTs disappeared in the secondary areas. This suggests that more than one factor must be invoked to explain the distribution of BKTs in normal and paced beats. The two mechanisms to be considered are 1) the presence of separate wave fronts from discrete Purkinje-myocardial junctions, and 2) the behavior of the wave fronts during their intramural propagation. It has been shown by Spach and associates13 that myocardial propagation is discontinuous at multiple levels. At the cellular level, local delays occur when excitation crosses the gap junctions that connect one myocyte to the next.13 Secondly, anatomically separate myocardial bundles are surrounded by collagenous septa and/or wide interstitial spaces where gap junctions are scarce and propagation is hampered.14'15 These anatomic and physiological conditions cause local delays and discontinuities, both in longitudinal and transverse propagation, that result in fragmented or irregularly shaped wave fronts and complex electrographic waveforms.14,15 Other local delays may arise when the wave front encounters small intramural vessels, or large gaps as described by Hort.16 Small local bulges or local delays in an advancing wave front might well cause discrete BKT sites. Our epicardial maps do not provide any clue about the relative role(s) played by the several mechanisms discussed above in generating multiple BKTs, but they do indicate that high-resolution epicardial, and particularly intramural, measurements in the areas with multiple BKTs, combined with histological studies, are needed to clarify those mechanisms. Pacing from non-BKT sites produced fewer coinciding BKTs and more secondary missing BKTs compared with pace BKT sites. We do not have a valid explanation for this effect, which occurred at a considerable distance from the pacing sites. However, the number of experiments in which we paced from non-BKT sites was small (only three pacing sites on the right ventricle), and we need more observations to ascertain whether the phenomenon is consistently observable.
Another consideration emerging from our study is the utility of representing electrical events by means of potential maps. High-resolution potential maps directly depict the physical phenomena associated with the presence of a wave front on the epicardium at a given instant of time. In our experiments, epicardial wave fronts were revealed by a thin epicardial band with densely packed equipotential lines that separated highly negative, excited areas from resting, positive areas. Thus, identification of spreading wave fronts was based on hundreds of measurements that revealed and localized the extracellular potential drop that accompanies spreading wave fronts. Successive maps illustrated the motion of the wave fronts in steps of 1 msec and the appearance of BKTs and related new wave fronts. With modern sample-and-hold multiplexers, potential maps depict the potential distribution measured during a sampling time of a few microseconds and are likely to reveal the position of the wave fronts at a very sharply defined instant of time. Also, potential maps are independent, within a constant, of the particular reference electrode chosen for recording the electrograms.
One limitation of this study is that part of the posterior right ventricular surface and much of the left ventricular surface remained unexplored in our experiments. This was due to our inability to fabricate a sock that would cover the entire heart with the necessary electrode density. The limited size of the area explored was sufficient for performing paired comparisons between SR BKTs and BKTs observed during individual paced beats. Conversely, comparing BKTs elicited by pacing the same heart from multiple ventricular sites was difficult because the primary wave front suppressed all BKTs in a wide area surrounding each pacing site.
Thus, the area external to all primary wave fronts in a heart that was paced from three or more different sites was small and contained few BKTs (Figure 8 ). However, we did observe some BKTs that occurred at the same sites during as many as four different excitation sequences ( Figure 8A , 16 msec; 8B, 54 msec; 8C, 37 msec; 8D, 53 msec). Exploring the entire ventricular surface would have facilitated comparing multiple ventricular ectopic beats in the same heart. As regards the left ventricle, the number of SR BKTs per unit area was only slightly lower than on the right ventricle,1 but we did not extend our study to the left ventricle for reasons discussed in previous sections.
The results of this study improve our understanding of ventricular excitation during normal and arrhythmic beats and indicate new lines along which research in this field should be developed to elucidate the mechanisms involved in the generation of multiple BKTs.
